Abstract The wide range of ecological goods and services provided by tropical coastal lagoons and wetlands are under considerable pressure due to the synergistic effects of local anthropogenic impact and global climate change. In transitional waters, salinity is a key driver of ecological processes mostly depending on the balance between marine and river inputs, a balance that can be significantly modified by climate change and by anthropogenic alteration of the watershed. Mesoamerica being considered as a climate change hot-spot and as an ecoregion strongly vulnerable to global change, our study aimed at analyzing the relationship between salinity, river runoff, and rainfall variability in a tropical coastal lagoon and to assess the respective influence of climate change and watershed management. The study focusing on the large and shallow coastal lagoon of Laguna de Terminos in south eastern Mexico established: (1) the variability in salinity distribution along the yearly cycle and the occurrence of a high salinity anomaly period during the wet season of 2009; (2) the relationship between lagoon waters salinity and river inputs further underlying the anomalous situation encountered in 2009; (3) a long term increase in river discharge during the past 60 years, indicating potential salinity decrease in the lagoon during that same period; (4) an absence of any change in rainfall linking the increase in runoff to watershed management rather than long term trend in climate change. Additionally, the specific context of the 2009-2010 Central-Equatorial Pacific El Niño is underlined and the potential relationship between river discharge and ENSO is discussed. Those results should be of significant practical value to decision-makers who are often keen to point the finger at global climate change when local environmental management is also and sometime most significantly responsible.
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Introduction
Coastal lagoons and their transitional waters (McLusky and Elliott 2007) are highly sensitive to the alteration of hydrological cycle resulting from the combined effect of climate change and watershed anthropization, climate change generally having a direct impact on the global distribution of water resources while watershed alterations mainly controlling local, surface hydrological processes (Kundzewicz et al. 2007 ). On the global scale, Central America has been singled out as the most prominent tropical climate change hot-spot (Giorgi 2006) and, despite large modeling uncertainties about climate change impact, most studies converged to anticipate a general decrease in mean precipitation and an increase in drought and severe drought periods in southern Mexico and Central America (Imbach et al. 2012; Chiabai 2015) . Local change in land use and watershed management are other significant sources of hydrological cycle alteration as a doubling of overall freshwater runoff has been reported between humanly impacted and non-impacted watersheds in the Mesoamerican region (Burke and Sugg 2006) . Alteration of hydrological cycle will be the source of significant environmental, economic and social impacts in a region where vulnerability to extreme climatic events is considered on the rise (Hidalgo et al. 2013; Vázquez-González et al. 2014) and discriminating between those two main sources of alteration is essential to the understanding of the processes at stake and to the definition of sustainable development strategies. In transitional waters, salinity is the main conservative tracer of mixing processes between marine and freshwater sources, and an essential driver of structural and functional characteristics of aquatic biota (Telesh and Khlebovich 2010) . By defining osmosis conditions it rules the distribution and metabolism of species but it also interacts with a wide range of chemical processes and correlates with continental and anthropogenic inputs. In microtidal semi enclosed lagoons, salinity variations at and over the monthly time scale are largely controlled by variations in freshwater inputs. As a consequence, changes in freshwater regime have been extensively reported to affect environmental status, ecosystem functioning, biodiversity and living resources in tropical and subtropical coastal systems (Putland et al. 2014; Sale et al. 2014; Andrade et al. 2015; Palmer and Montagna 2015) . In the Gulf of Mexico, large scale decline in offshore or lagoon fisheries has been related to external factors such as climate change including changes in precipitation patterns and river flow (Martínez Arroyo et al. 2011) , and land use intensity (Vázquez-González et al. 2015) . In the shallow Mexican coastal lagoon of Terminos, recent concern has been issued that an increase in salinity related to climate change might be occurring, detrimentally impacting juvenile developmental stages of exploited species (Ramos Miranda et al. 2005a, b; Sosa López et al. 2005; Villéger et al. 2010) . Those authors observed a loss in functional diversity and a biotic homogenization in the fish community of Terminos Lagoon which they linked to a salinity increase between 1980-1981 and 1998-1999 . This was interpreted as a climate change related shift from hypohaline to euhaline/hyperhaline status due to a decrease in river runoff (Ramos Miranda et al. 2005a) . Concurrently, recent catastrophic flooding events attributed to climate change occurred in the Tabasco and Chiapas Mexican states adjacent to Terminos Lagoon, resulting in economic and, more dramatically, human losses. However, a detailed study of those flooding events also pointed at local watershed management as an important source of hydrological regime alteration (Aparicio et al. 2009 
Materials and methods

Study site
Terminos Lagoon is located on the southern coast of the Gulf of Mexico in the Mexican state of Campeche (Fig. 1a) . It stretches over a surface of 1,936 km 2 ( Fig. 1b ) with an average depth of only 2.4 m, corresponding to a total water volume of 4.65 km 3 (Contreras Ruiz Esparza et al. 2014) . It is fringed by Carmen Island on its seaward side and connected to the Gulf of Mexico through Carmen Inlet and Puerto Real Inlet on its westward and eastward sides, respectively. To the east stretches the Yucatan Peninsula, characterized by low rainfall and a porous calcareous basement resulting in the absence of proper river catchment, with rainfall penetrating directly through the carbonate basement, thus supplying the groundwater cap which discharges as diffusive non-point sources all along the Gulf of Mexico and Caribbean Sea coasts. To the west and south lie the lowlands of Tabasco and the highlands of Chiapas and Guatemala, the latter of which receives heavy tropical rainfall. Four rivers, of which two combine to form a single estuary, reach Terminos Lagoon (Medina-Gómez et al. 2015) delivering an average yearly volume of 11.96 9 10 9 m 3 year -1 of freshwater, corresponding to roughly 2.6 times the lagoon volume. Yearly net rainfall of 293 mm year -1 (1805 mm year -1 precipitation minus 1512 mm year -1 evaporation) (David and Kjerfve 1998; Espinal et al. 2007 ) accounted for a net fresh water input of 0.57 9 10 9 m 3 year -1 , whereas groundwater contribution accounted for 4 9 10 6 m 3 year -1 (David 1999) . Total annual net freshwater input to Terminos Lagoon was thus estimated at 12.53 9 10 9 m 3 year -1 , of which river discharge, net precipitation, and groundwater seepage, respectively, accounted for 95.42, 4.55 and 0.03 %.
The rivers Chumpán, Candelaria-Mamantel and Palizada, respectively, deliver an average of 0.6, 2.26, and 9.1 9 10 9 m 3 year -1 of freshwater to Terminos Lagoon. Beyond its own small river catchment, the Palizada is a tributary of the Usumacinta River, which in turn relates to the intertwined Grijalva-Usumacinta basins that stretch over a total area of 112,550 km 2 (Hudson et al. 2005) . Receiving an average annual rainfall of 1709 mm year -1 , the Usumacinta River discharges an average annual freshwater volume of 69 9 10 9 m 3 year -1 , approximately one-tenth being diverted through the Palizada River into Terminos Lagoon, the remaining nine-tenths merging with the Grijalva River catchment and directly reaching the Gulf of Mexico open waters.
Climate varies between the tropical wet and dry category in the lowlands and the tropical rainforest category in the highlands. There are three distinct seasonal periods throughout the year: the relatively dry period from February to May and the rainy period from June to September are separated by a period of northern gales called ''Nortes''.
Data collection and analysis
Daily river flow rates were obtained from the Mexican Comisión Nacional del Agua (CONAGUA) hydrological surveys online database Banco Nacional de Datos de Aguas Superficiales (BANDAS) (ftp://ftp.conagua.gob.mx/Ban das/, accessed 5-6 September 2014). Long-term records of daily river flow rates were available for the 1995-2011 period for the Mamantel River, for the 1992-2011 period for the Palizada River, for the 1953-2011 period for the Candelaria River, and for the 1948-2011 period for the Usumacinta River (Bocca del Cerro hydrological station, upstream Terminos Lagoon). Given the quality of each data series and the dominance of Palizada River inputs to Terminos Lagoon, the present paper focused on the data series from the Palizada and Bocca del Cerro stations from the Grijalva-Usumacinta watershed.
Daily rainfall concurrent to river flow rate time series at Bocca del Cerro station and precipitation and evaporation records at the Sabancuy meteorological station on the northwestern shore of Terminos Lagoon allowing for the calculation of precipitation minus evaporation (P -E) were obtained from the Servicio Meteorológico Nacional database, also managed by CONAGUA and accessible through the Centro de Investigación Científica y de Educación Superior de Ensenada (CICESE) website ''Base de Datos Climatologica Nacional-Sistema CLICOM'' (http://cli com-mex.cicese.mx/, accessed 5-6 September 2014).
Salinity data with a precision of 0.001 were obtained from vertical profiles conducted with a SeaBirdÒ SBE 19 CTD over a network of 34 stations (Fig. 1b) and a total of 13 sampling trips covering the 2-year period from October 2008 to November 2010, with a more intensive sampling effort during 2010 (7 sampling trips). Data acquisition frequency was 0.25 s and only downward profiles at a velocity of circa 0.5 m s -1 were retained for data analysis. The SBE 19 CTD was calibrated by the manufacturer on a yearly basis. Additionally, the data from a similar survey on salinity distribution conducted in 1980 on a network of 18 sampling stations covering the whole lagoon (Yáñez-Arancibia et al. 1983 ) was joined to our 2008-2010 survey for comparison.
Average salinity between 0 and 75 cm depth was spatially interpolated using UNIRAS A/SÒ software to generate 2D distribution maps. However, the lagoon size imposed sampling over several days (4-6), potentially rendering such asynchronous sampling strategy sensitive to short term variability. Salinity variations in the lagoon are driven by variations in (1) tidal exchanges with the Gulf of Mexico, (2) internal lagoon hydrodynamics (tide accounting for 65 % of current variability (David and Kjerfve 1998) , (3) precipitation versus evaporation budgets, and (4) river inputs. With limited exchange taking place through two shallow and narrow inlets and with average tidal amplitude of only 0.3 m, tidally driven salinity variations between two sampling points can be considered negligible at the scale of a tidal cycle or even at the scale of a few days (Contreras Ruiz Esparza et al. 2014) . River discharge, precipitation, wind regime and daily temperature cycles were constant over each sampling period as well as during the previous 5 days, so the results can be considered as being representative of a stable situation. Finally, it must be acknowledged that, all driving factors combined, water residence time in this 1,936 km 2 system ranges from 1 to 5 months (Robadue et al. 2004) , which significantly limits daily variability in salinity at the sampling grid scale.
Linear regression and parametric Pearson (normal data, no outliers) or otherwise nonparametric Spearman correlation tests were computed using StatisticaÒ to assess relationships between data as well as trends in time series. In addition, the seasonal Mann-Kendall test (Hirsch and Slack 1984) was used as it constitutes a well-fitted nonparametric method to statistically assess the presence of monotonic trends in hydrological long-term time series that are generally asymmetrically distributed (Machiwal and Jha 2008) .
Results
Salinity
Salinity in Terminos Lagoon was strongly variable at the spatial as well as the temporal scale (Fig. 2) (Fig. 3) , confirmed a general yearly pattern characterized by a salinity maximum circa 30 in May-June and a salinity minimum circa 10 in October-November. However, as observed in Fig. 2 and despite the variability inevitably generated by the strong spatial heterogeneity, salinity in October and December 2009 significantly departed from that pattern with high salinity anomalies of 32.41 ± 3.35 and 31.29 ± 3.36, respectively, in comparison to values of 11.18 ± 3.60, 12.77 ± 5.74 and 17.00 ± 5.40 in November 1980 November , 2008 November and 2010 .
River flow rate
Variations in Palizada River monthly averaged flow rates during the 1992-2011 period (Fig. 4) (Fig. 5) revealed a significant relationship (R 2 = 0.84) with a negative exponential distribution (S = 40.033e -0.002flow ). Once again, the September, October, and to a lesser extent December 2009 sampling periods significantly departed from that general distribution pattern with salinity values higher than those derived from the negative exponential model.
The 20 years Palizada river flow time series did not meet the criteria of data records in excess of 30 years recommended to conduct long term trend analysis of climatic effects (Hanson et al. 2004 ). However, long term time series available from upstream Usumacinta watershed could be used as an alternative as monthly averaged Palizada River discharge strongly correlated (Spearman R = 0.93, p ( 0.05) with Usumacinta River discharge at Boca del Cerro hydrological station, roughly amounting to 10 % of the latter. The available 1948-2011 time series of Usumacinta River flow rate (Fig. 6a) ) and 2011 (2214 m 3 s -1 ). The synchronous long-term precipitation time series at Boca del Cerro station (Fig. 6b) yielded an average monthly precipitation rate of 190 mm with a wide range of variation, from no rainfall at all to a maximum monthly precipitation of 661 mm in September 1966. The MannKendall test did not allowed for the rejection of the ''no trend'' null hypothesis, demonstrating together with the slope-less linear regression the absence of a long-term change in precipitation rates. (Table 1 ). The ONI decreased below the 0.5 threshold value during the April-June 2010 period and entered a 10-month La Niña period beginning in the JuneAugust 2010 period. Bivariate analysis of ONI versus averaged river flow rates at Boca del Cerro station using various time shifts showed a very dispersed distribution with no direct relationship as exemplified by the bivariate representation of ONI versus monthly averaged River flow rates lagged by 2 months (Fig. 7) .
Discussion Salinity distribution
Salinity variability in time and space ranged from one digit values (estuarine) to 36 (marine), with spatial gradients strongly shifting as a function of the balance between marine and freshwater inputs. Salinities close to those of marine waters from the Gulf of Mexico (Thacker 2007) were measured in the two inlets and leeward of Carmen Island showing that tidal flooding intrusions of marine waters were rapidly mixed with freshwaters from the Palizada River when entering through El Carmen Inlet whereas they were transported westward along the coast of Carmen Island when entering through Puerto Real Inlet, in agreement with previously reported hydrodynamic patterns (Graham et al. 1981; Kjerfve et al. 1988; David and Kjerfve 1998; Contreras Ruiz Esparza et al. 2014 ). The seasonal cycle was marked by the progressive extension of saline waters during the dry season (February-May) and inversely, by the progressive extension of the Palizada and Candelaria estuarine plumes during the wet season and the beginning of the dry season (July-December). The low salinity plume from the Palizada Estuary generally spread along the southern shore of the lagoon during the dry season and extended northward toward Carmen Island during the wet season. The low salinity plume from the Candelaria Estuary spread to the north-east part of the lagoon with an extension much more limited than the Palizada estuarine plume due to strong proportional difference in river discharge.
Salinity anomaly
The salinity distribution in September, October, and December 2009, at the end of the wet season and beginning of the dry season, strongly differed from similar periods in 2008 and 2010 as salinity remained very high over the whole lagoon due to a very limited extension of Palizada and Candelaria estuarine plumes. The yearly comparison of lagoon wide averaged salinity identified a general yearly cycle characterized by a salinity maximum around 30 in May-June and a salinity minimum around 10 in OctoberNovember and pointed at an anomalous situation developing during the wet season of 2009 when salinity remained high instead of reaching the usually low values The statistically significant negative exponential relationship between Terminos Lagoon salinity and Palizada River flow rate averaged over the preceding month established a strong direct link between salinity and river discharge, in agreement with the previously mentioned predominance of river inputs of fresh water to the lagoon. However, the values recorded in September, October and to a lesser extent December 2009 significantly departed from that negative exponential distribution pattern, demonstrating that the general decrease in river discharge previously evidenced went along with a shift in hydrological conditions. Annual precipitation minus evaporation 
Long term river discharge trend
The analysis of the Usumacinta River discharge historical record revealed a long-term increase instead of a climate change-related decrease anticipated from previous studies (Ramos Miranda et al. 2005a; Sosa López et al. 2005) . Understanding the reasons for such a long-term change and, in particular, assessing whether it was related to changes in climatic conditions and/or to local watershed management therefore appeared as a key issue, both in terms of scientific inquiry and of environmental management. The observed long term increase in Usumacinta River discharge at Boca del Cerro proved unrelated to onsite precipitation rates as the concurrent rainfall time series revealed a stable long term trend. Considering the vastness and diversity in Usumacinta River catchment hydrogeomorphology, that local comparison is of limited value but exemplify a much more global trend based on surveys at the national scale reporting no statistical evidence of a change in precipitation in Mexico and even cautiously mentioning a possible decrease in the far southeast of Mexico (Met Office 2011). Furthermore, that observed consistency in recent rainfall trend was fully consistent with climate change modeling approaches generally anticipating no significant change in precipitation during the first half of the twenty-first century followed by a precipitation decline ranging from 5 to 30 % by the end of the twenty-first century, depending on the considered IPCC emission scenario (Barcena et al. 2010; Sáenz-Romero et al. 2010; Met Office 2011; Biasutti et al. 2012; Hidalgo et al. 2013 ).
ENSO
The 2009 nationwide drought period responsible for the positive salinity anomaly in Terminos Lagoon was concurrent to a moderately severe El Niño event lasting from July 2009 to April 2010 which was rapidly followed by a La Niña event lasting from July 2010 to April 2011. However, on a long term basis, no direct relationship could be established between Usumacinta River flow rates and ENSO ONI index during the past 60 years. Other studies relating ENSO with rainfall in Mexico reported noticeable but very weak correlation (Pavia et al. 2006; Bravo Cabrera et al. 2010) , with precipitation decreasing southward and increasing northward under ''El Niño'' conditions and increasing under ''La Niña'' conditions. The same studies also predicted future stronger precipitation deficit during the wet season, leading to severe drought events such as the one observed in 2009. However, a recent study also showed river discharge in the Usumacinta-Grijalva basin to be higher during both El Niño and La Niña than during normal periods of ENSO (Muñoz-Salinas and Castillo 2015), a conclusion in reasonable agreement with the distribution pattern of river discharge versus ONI index observed herein. Even though 2009 stood as the most drastic year in terms of low river discharge, it was far from the most severe El Niño event of the past 60 years but it is noteworthy that the 2009-2010 El Niño was categorized as a Modoki or Central-Equatorial Pacific (CP) El Niño (Ashok et al. 2007 ), the effects of such a recently identified meteorological situation on the Mesoamerican hydrological cycle still being under scrutiny.
Watershed management
The absence of a relationship between rainfall and the regular increase in Usumacinta River discharge during the past 60 years excluded climate change as a driver of that long-term historical change in hydrological regime, alternatively supporting the hypothesis of a local driver most likely related to watershed management. Deforestation to expand agricultural and ranching lands has been consistently linked to increased rainwater runoff resulting in higher river discharges and such a relationship was suggested by previous work on satellite image analysis. Soto Galera et al. (2010) . Additionally, a comparable increase in river discharge unrelated to precipitation and linked to deforestation and expansion of the agricultural and ranching land was reported from the Candelaria watershed (Benítez et al. 2005) . As a consequence, and considering the tight relationship between the Usumacinta River and the Palizada River, the presently ongoing long-term trend in Terminos Lagoon salinity is more likely to be one of decrease rather than increase.
That later conclusion disagreed with the hypothesis of a climate driven long term increase in salinity in Terminos Lagoon that resulted in a shift in fish population (Ramos Miranda et al. 2005a) . Considering the two dataset used in that later study, it must be stressed that the February 1980-April 1981 period (data from Yáñez-Arancibia et al. 1983) corresponded to normal ENSO conditions and a 2 years period of above average river discharge (?26 % in 1979, ?18 % in 1980) from the Usumacinta watershed, whereas the October 1997-September 1998 period (data from Ramos Miranda et al. 2005a) corresponded to strong El Niño conditions lasting from May 1997 to April 1998 (maximum ONI value of 2.4 in November 1997), and a period of slight excess in river discharge (?9 % in 1997, ?8 % in 1998) following a 3-year deficit period (-32 % in 1994, -2 % in 1995, -3 % in 1996) . The difference in salinity observed by Ramos Miranda et al. (2005a Miranda et al. ( ) between 1980 Miranda et al. ( -1981 Miranda et al. ( and 1997 Miranda et al. ( -1998 in Terminos Lagoon hence could be related to the inherent variability of that transitional system rather than to a longterm decrease in river discharge driven by climate change, the shift in fish population they evidenced between those two periods most likely corresponding to a short term adaptive response to environmental variability rather than a long term change in ecological conditions.
Conclusion
The present study established that salinity in Terminos Lagoon depended on river inputs and that the occurrence of exceptionally low river discharge and elevated evaporation during the wet season of 2009 were responsible for a positive salinity anomaly affecting the entire lagoon. Over the long term we observed a sustained increase in river flow rates in the Usumacinta River watershed during the past 60 years, implying that salinity in Terminos Lagoon decreased rather than increased during this same period. Stable precipitation rates during that 60 years period suggested that the recorded increase in river discharge resulted from unsustainable land use rather than climate change. Finally, despite the coincidence between the 2009 ENSO event, the observed decrease in river flow rate, and the positive salinity anomaly in Terminos Lagoon, no clear general relationship could be established between river flow rates and the ONI ENSO index. These results should be of significant value to decision-makers who are often keen to hastily point the finger at global climate change when, in fact, local environmental management is also strongly involved.
